Abstract Astrochronology is fundamental to many paleoclimate studies, but a standard statistical test has yet to be established for validating stand-alone astronomically tuned time scales (those lacking detailed independent time control) against their astronomical insolation tuning curves. Shackleton et al. (1995) proposed that the modulation of precession's amplitude by eccentricity can be used as an independent test for the successful tuning of paleoclimate data. Subsequent studies have demonstrated that eccentricity-like amplitude modulation can be artificially generated in random data, following astronomical tuning. Here we introduce a new statistical approach that circumvents the problem of introducing amplitude modulations during tuning and data processing, thereby allowing the use of amplitude modulations for astronomical time scale evaluation. The method is based upon the use of the Hilbert transform to calculate instantaneous amplitude following application of a wide band precession filter and subsequent low-pass filtering of the instantaneous amplitude to extract potential eccentricity modulations. Statistical significance of the results is evaluated using phase-randomized surrogates that preserve the power spectrum structure of the data but have randomized amplitude modulations. Application of the new testing algorithm to two astronomically tuned data sets demonstrates the efficacy of the technique and confirms the presence of astronomical signals. Additionally, it is demonstrated that a minimal tuning approach using (at maximum) one precession cycle per~100 kyr eccentricity cycle does not introduce systematic frequency modulations, even when a narrow band-pass filter is applied, allowing direct comparison of data amplitudes and orbital eccentricity.
Introduction
A major improvement in constructing geological time scales has evolved from integrated stratigraphic studies in which lithostratigraphy, magnetostratigraphy, biostratigraphy, cyclostratigraphy, and radioisotopic dating are combined to establish a high-resolution astronomical tuning of climate proxy records. This approach of tying cyclic variations in the rock record to astronomical target curves has yielded geological time scales with an unprecedented accuracy, precision, and resolution. The method has resulted in, among others, the Astronomically Tuned Neogene Time Scales 2004 and 2012 (ATNTS) [Gradstein et al., , 2012 Hilgen et al., 2012; Lourens et al., 2004] ; also the Paleogene part of the standard geological time scale [Gradstein et al., , 2012 Luterbacher et al., 2004; Vandenberghe et al., 2012] is largely based on an integrated stratigraphic approach, with highest fidelity for intervals based on astronomical tuning [Luterbacher et al., 2004; Vandenberghe et al., 2012] . Furthermore, astronomical tuning has been used to test and refine ages of mineral standards used for radioisotopic dating [e.g., Channell et al., 2010; Hilgen et al., 1997; Kuiper et al., 2005 Kuiper et al., , 2008 Renne et al., 1994; Rivera et al., 2011; Westerhold et al., 2012; Zeeden et al., 2014 ] to obtain more accurate radioisotopic ages via combination with cyclostratigraphic duration information [Meyers et al., 2012a] and for the investigation of the Earth's climate response to astronomical insolation forcing [e.g., Berger, 1989; Hays et al., 1976; Holbourn et al., 2005; Lourens et al., 2010; Pälike et al., 2006b; Ruddiman et al., 1986; Shackleton, 2000; Meyers et al., 2012b] .
While the application of astrochronology has fundamentally advanced our understanding of the Earth System, a standard test for validating stand-alone astronomically tuned time scales (those lacking detailed independent time control) against their astronomical insolation tuning curves has not yet been established. Such tests are not straightforward, as an appropriate null hypothesis formulation is often challenging due to practical aspects of geological data analysis, including background noise (e.g., "red noise"), complex relationships between time and stratigraphic depth, nonlinear climate/depositional system response, and circular reasoning [Meyers et al., 2008; Hilgen et al., 2014] . A number of statistical techniques have been ZEEDEN ET AL. ©2015 . American Geophysical Union. All Rights Reserved.
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proposed to evaluate a potential astronomical imprint using either untuned depth scales or astronomically tuned time series. Among others, Hays et al. [1976] compared the ratio of dominant power spectral peaks in their paleoclimate data with the main periodicities of Milankovitch forcing, following the application of a simple depth-derived time scale. Also, using depth-derived time scales, Huybers and Wunsch [2005] , Huybers [2007] , and Lisiecki [2010] compared the phase of glacial terminations observed in oxygen isotope data with the phase of astronomical parameters using Rayleigh's R statistic. Huybers [2011] used an approach that evaluates the maxima in Milankovitch insolation forcing that occur during glacial terminations, as compared to maxima in forcing that do not coincide with terminations. Although these methods have proven successful, they require a level of detailed independent time control that is generally not afforded in pre-Pleistocene records.
To address the lack of sufficient independent time control in many deep-time records, Meyers and Sageman [2007] introduced the average spectral misfit (ASM) method, an approach that evaluates a range of plausible time models while simultaneously testing paleoclimate data against the expected astronomical frequencies [as in Hays et al., 1976] . The approach provides a formal statistical test of the null hypothesis (no astronomical signal), has been extended to evaluate stratigraphic records with unsteady sedimentation [Meyers et al., 2012b] , and has also been adapted to evaluate astronomically tuned data [Wendler et al., 2014] . However, in contrast to the approaches used to test the well-dated Pleistocene records [Huybers and Wunsch, 2005; Huybers, 2007; Lisiecki, 2010; Huybers, 2011] , ASM does not provide an explicit test of the linkage between an astronomical forcing curve and paleoclimate data but rather is used to test "floating" astrochronologies (for a Bayesian approach, see Malinverno et al. [2010] ).
Shackleton et al. [1995] proposed that complex amplitude demodulation [e.g., Bloomfield, 2000] is a powerful tool to test for the expected eccentricity amplitude modulation (also referred to as the "instantaneous amplitude" or the "amplitude envelope") of the precession-related signal in paleoclimate records. They state that the amplitude modulation of precession is the "most important feature through which the orbital imprint may be unambiguously recognized in ancient geological records." If this is the case, the long-term amplitude variations in the theoretical eccentricity solutions (~0.4, 2.4 Myr), and in obliquity (e.g., 1.2 Myr), can be compared with their corresponding astronomical signals in paleoclimate data to support or reject proposed astronomical time scales. Such an approach has been applied in numerous studies using either amplitude variations represented by band-pass filter output [e.g., Abels et al., 2010; Channell and Kleiven, 2000; Evans et al., 2007; Paillard, 2001; Tiedemann et al., 1994; Westerhold et al., 2005 Westerhold et al., , 2014 Valero et al., 2014] or amplitude demodulation techniques [e.g., Clemens, 1999; Pälike et al., 2001 Pälike et al., , 2004 Pälike et al., , 2006a Shackleton and Crowhurst, 1997; Westerhold et al., 2007; Wu et al., 2013] . However, other studies have demonstrated that eccentricity-like amplitude variations can be artificially introduced into paleoclimate data by tuning and data processing [Neeman, 1993; Huybers and Wunsch, 2004; Huybers and Aharonson, 2010] . These results suggest that the amplitude modulation approach cannot be used as an independent test to test the accuracy of astronomically tuned time scales. More generally, many more studies have demonstrated how astronomical frequencies can be introduced into records by astronomical tuning [e.g., Hilgen et al., 2006; Hinnov and Park, 1998; Rial, 1999; Rial and Anaclerio, 2000; Shackleton et al., 1995] and standard statistical tests to decipher whether observed cycles and their amplitude modulations are real or artificial are lacking.
Here we introduce a new testing approach that circumvents the potential problem of introducing amplitude modulations during tuning and data processing, thereby allowing the use of amplitude modulations for astronomical time scale evaluation. The method involves five essential steps: (1) the application of a wide band precession filter (wide here meaning a bandwidth that is~65% of the center frequency) to inhibit the generation of artificial amplitude modulations that mimic eccentricity, (2) application of a Hilbert transform to calculate instantaneous amplitude, (3) low-pass filtering of the instantaneous amplitude to extract potential eccentricity modulations, (4) calculation of the Spearman's rank correlation [Spearman, 1904] between amplitude modulations observed in the tuned data and eccentricity target series, and (5) evaluation of the statistical significance of the results using phase-randomized surrogates that preserve the power spectrum structure of the data but have randomized amplitude modulations [Ebisuzaki, 1997] . Application of the new method to astronomically tuned data sets from Ceara Rise (Miocene) and the Mediterranean (Pleistocene-Pliocene) demonstrates the efficacy of the technique and confirms the presence of strong astronomical signals in these records.
Frequency Versus Amplitude Modulation: Properties of the Astronomical Solution
The climatic precession index, e*sinω, is defined by the product of eccentricity, e, and axial precession, sinω, where ω is the angle between Northern Hemisphere spring equinox and perihelion along the Earth's orbit. Thus, it can be seen that variations in eccentricity control the amplitude of climatic precession in quasiperiodic oscillations of (among other less influential periods) 405, 95, and 124 kyr, i.e., the three main components of eccentricity associated with the so-called resonances between fundamental frequencies g2 (Venus) minus g5 (Jupiter), g4 (Mars) minus g5 (Jupiter), and g4 (Mars) minus g2 (Venus), respectively (Figures 1a-1c ) . These three dominant periods of eccentricity are also expressed as the difference frequencies between the main precession periods of 23.690, 22.385, and 18.956 kyr (calculated for the past 3 Ma); the precession periods depend on geological time [Berger et al., 1992a [Berger et al., , 1992b and parameters of the Earth-Moon system, see Laskar et al. [1993] . This relationship is due to the fact that the precession periods are derived from the sum frequencies between the precession constant (ψ = 25.675 kyr) and the fundamental frequencies g5 (Jupiter), g2 (Venus), and g4 (Mars). While eccentricity modulates the amplitude of precession, eccentricity also modulates its instantaneous frequency (for both axial precession and climatic precession), but with a notable absence of the 95 kyr component [Hinnov, 2000] . Of critical importance, when a relatively narrow band-pass Figure 1 . Analysis of the astronomical solutions from Laskar et al. [2004] and their amplitude modulations including (a) orbital eccentricity; (b) e*sinω, the climatic precession index; and (c) sinω, the axial precession. The (d) output from a narrow precession filter applied to e*sinω, (e) output from a narrow precession filter applied to sinω, (f) output from a broad precession filter applied to e*sinω, (g) output from a broad precession filter applied to sinω are also shown. The narrow precession filter employs a Taner filter with cutoff frequencies (half power points) at 0.035 and 0.065 cycles/kyr, and a roll-off rate of 10 4 . The broad precession filter employs a Taner filter with cutoff frequencies at 0.029 and 0.12 cycles/kyr, and a roll-off rate 10 3 . Instantaneous amplitude for each record, determined with a Hilbert transform, is shown in red. (h-n) The power spectra (the square modulus of the Fourier transform) for each amplitude envelope (red), along with the spectra of the prefiltered series (black) and the Taner band-pass window used (gray dashed line). To better illustrate the structure of the spectra, each power spectrum has been normalized to a maximum of unity. filter (e.g., 0.05 ± 0.015 cycles/kyr; narrow here meaning a bandwidth that is 30% of the center frequency) is applied to a precession-tuned time series-as is common practice in cyclostratigraphy-the resulting amplitude modulation may either represent the true amplitude modulation or may be generated by interactions between the band-pass filter and the frequency modulation imposed during tuning. As a test case to demonstrate this effect, Huybers and Aharonson [2010] analyzed an axial precession (sinω) time series (Figures 1c and 1j ), because it does not contain the eccentricity amplitude modulation (in contrast To demonstrate this effect, (bottom) the eccentricity is compared to two Gaussian filters outputs from sinω (see Figure 1c) focusing on frequencies ≹0.05. The Gaussian filtered frequencies (using the Analyseries software [Paillard et al., 1996] ) and their overlap are shaded gray in Figure 2a . The average period of precession is 21.1 kyr, but the distribution of observed precession frequencies in the theoretical solution varies over a full~405 kyr eccentricity cycle (e.g., Figure 1d of Meyers and Hinnov [2010] and Figure 2 of Huybers and Aharonson [2010] ). Importantly, the distribution of frequencies is not symmetric over an~405 kyr cycle. To illustrate this characteristic, Figure 2 plots the local precession frequency (represented by the inverse of time between successive precession minima and successive precession maxima), as a function of the~405 kyr eccentricity component over the past 25 Ma (Figure 2a ). It is apparent that relatively long (>20 kyr; frequency <0.05 cycles/kyr) precession cycles occur predominantly during~405 kyr eccentricity maxima, whereas short (<20 kyr; >0.05 cycles/kyr) precession cycles predominantly occur during~405 kyr eccentricity minima. This characteristic is further demonstrated by Gaussian band-pass filtering [Paillard et al., 1996] of the precession (sinω) signal, focusing on frequencies above or below 0.05 cycles/ kyr ( Figure 2b ). For the higher-frequency ranges of precession (i.e., >0.05 cycles/kyr), we observe an opposite amplitude phasing relative to the (405 kyr) eccentricity cycle ( Figure 2b ). This relationship originates from the highest-amplitude precession frequencies <0.05 cycles/kyr (1/23.690 kyr; ψ + g5 and 1/22.385 kyr; ψ + g2) being responsible for the~405 kyr eccentricity amplitude modulation. A dominance of the frequencies <0.05 during eccentricity maxima and low amplitudes during~405 kyr minima leads to a relative high contribution of the >0.05 cycles/kyr frequency components (1/18956 kyr; ψ + g4 and 1/19097 kyr; ψ + g3) during~405 kyr eccentricity minima.
Approaches to Test Astronomically Tuned Time Series
Testing Tuned Data Sets
Motivated by the method of Shackleton et al. [1995] , and subsequent challenges to the amplitude modulation approach [Huybers and Aharonson, 2010] , we develop a new technique to test astronomically tuned time series. Our goal is to circumvent the potential problem of introducing amplitude modulations during tuning and data processing, thereby allowing the use of amplitude modulations for astronomical time scale evaluation. Since the key shortcoming identified in prior studies arises from artifacts associated with the use of a narrow band-pass filter, we begin by considering filter design. Two central questions that we will contemplate are as follows: (1) Can we design a filter (or a series of filters) that allows us to distinguish between true eccentricity-related amplitude modulation and tuning-induced modulation? (2) Related to this, can we leverage filter "artifacts" (distortion of the amplitude modulations by the filter) to discern true eccentricity-related amplitude modulation?
To begin our investigation, we extract the precession components of the axial and climatic precession time series over the past 2 Ma at frequencies of 0.05 ± 0.015 (cycles/kyr) and 0.0745 ± 0.0455 (cycles/kyr), corresponding to~15.4-28.6 kyr and~8.3-34.5 kyr, using a Taner band-pass filter [Taner, 1992] (Figure 1) . A Hilbert transformation is applied to quantify the amplitude modulations ("instantaneous amplitude"; e.g., Figures 1d-1g ) in the filtered time series. When a relatively narrow filter is used, i.e.,~15.4-28.6 kyr, both time series display a similar instantaneous amplitude pattern ( Figures 1d and 1e) ; note that the 405 kyr amplitude variations are more pronounced in the filtered e*sinω (Figures 1d and 1k ) than in the filtered sin ω (Figures 1e and 1l) . However, when the bandwidth of the filter is increased, thereby including all periods between~8.3 and 34.5 kyr, marked differences occur between the time series. The filtered climatic precession time series still displays the original amplitude modulation (Figure 1f ), whereas that of axial precession displays weaker fluctuations of the amplitude with overall highest amplitudes during eccentricity minima (Figure 1g ).
It is useful to evaluate the power spectrum characteristics of these time series (Figures 1h-1n) . Comparison of the power spectra of the amplitude envelopes demonstrates that the 95 kyr, 124 kyr, and 405 kyr eccentricity components are not present in sinω (Figure 1j ), although eccentricity cycles emerge when a narrow band-pass filter is applied (Figure 1l Figure 1a ; Spearman's rank correlation = 0.72). When a broad band-pass filter is applied, we observe a marked change in the spectral response between sinω ( Figure 1m ) and e*sinω (Figure 1n ): the power maxima of the 405 kyr, 124 kyr, and 95 kyr peaks successively increase for e*sinω but decrease for sinω. It is this opposite response in power, and associated changes in phase, that ultimately result in a poor correlation between the filtered sinω amplitude envelope and eccentricity (Figure 3 ; Spearman's rank correlation = À0.038), providing a diagnostic tool for the identification of true eccentricity-related amplitude modulations.
Thus, it is clear that the application of a broad band-pass filter (~8.3-34.5 kyr), followed by calculation of instantaneous amplitude, can distinguish between actual and induced amplitude modulations in the models (Figures 1f and 1g) . However, the presence of geologic and climate noise (including sedimentation rate changes and "red noise" [Meyers and Sageman, 2007; Meyers, 2012] ) yields more complex spectra and makes this simple approach of limited practical utility in real paleoclimate data. The overall effect of such noise is to add frequency content within the filter bandwidth, in excess of that expected from the precession forcing, which ultimately distorts the instantaneous amplitude result. However, if this noise contribution is not too large, the expected eccentricity amplitude modulations are preserved in the low-frequency variability of the instantaneous amplitude result, although mixed with the noise. Application of a low-pass filter (a Taner filter with cutoff frequency of 0.013 cycles/kyr and a roll-off rate of 10 4 ) to the instantaneous amplitude output allows extraction of the eccentricity modulations, if they are truly present in the paleoclimate data. If designed appropriately, the low-pass filter can also help to offset the distortions introduced from the broad filter (compare the red spectra in Figures 1i and 1m) . It is important to note that the specific characteristics of the precession and low-pass filters used here have been carefully chosen to optimize the detection of eccentricity modulations, but many other possible filter designs are possible, and this remains a worthwhile avenue of inquiry.
To provide a quantitative measure of fit, correlation between theoretical eccentricity and the filtered (data) instantaneous amplitude is determined using the Spearman's rank correlation coefficient, which allows for a degree of nonlinearity between the records. To accommodate potential distortion of the theoretical eccentricity series by the data processing algorithm, e*sinω is processed using an identical approach as the data to generate the eccentricity target used for comparison. Evaluation of the statistical significance of correlation between the low-pass filtered e*sinω amplitude and the low-pass filtered data amplitude is conducted via Monte Carlo simulation [Ebisuzaki, 1997] . Each simulation has an identical power spectrum to the paleoclimate data but has randomized phase. There are several desirable properties of this approach:
(1) the phase-randomized surrogates preserve the same exact autocorrelation structure (e.g., autoregressive Figure 3 . Crossplot of the theoretical eccentricity series versus the amplitude envelope determined following application of a broad precession filter for (a) esinω and (b) sinω. The degradation of correlation in Figure 3b indicates that this filter can be used as a diagnostic tool for identifying true versus induced amplitude modulation. Parameter ρ represents results from Spearman's rank correlations.
Paleoceanography 10.1002/2014PA002762 red noise) as the paleoclimate data and (2) since the character of the amplitude modulation depends upon phase, randomizing phase will produce random modulations for each simulation. Comparison of the observed data correlation (r data ) with those from Monte Carlo simulations (r sim ) allows a rigorous evaluation of the null hypothesis (no correlation between eccentricity target and observed modulations). As in Ebisuzaki [1997] , the reported P value is estimated by determining the fraction of simulation correlations that have a magnitude (|r sim |) greater than that of |r data |. Importantly, this testing approach is legitimate even when a comprehensive precession-scale tuning is conducted.
We have also investigated the use of AR1 surrogates for the evaluation of statistical significance. While AR1 surrogates do not have the two desirable properties noted above, they can preserve a correlation in phase between adjacent frequencies, as may be expected in red noise. Evaluation of the two approaches via numerical experiments (not shown) indicates that the phase-randomized surrogate method provides a more demanding test of the null hypothesis, and thus this approach is preferred in the present study.
The full algorithm is outlined in Figure 4 , with results for sinω, and for a normalized eccentricity-tilt-precession (e sinω) model, the latter of which includes contributions from red noise. The results illustrate the reliability of the method in identifying true eccentricity modulation of precession, even when strong obliquity signals are present. In cases where no simulations (|r sim |) achieve the observed |r data |, such as in Figure 4d , we recommend that the P value be reported as <1/N*10, where N represents the number of simulations. A factor of 10 is included to make a conservative statement about the simulation experiment, which by its nature yields different results in every experimental run. Figure 4 . Demonstration of the complete algorithm as applied to a (a-d) normalized eccentricity-tilt-precession (ETP) series with red noise and (e-h) axial precession. The ETP series was created by giving equal power to each component, followed by normalization of the total ETP signal to unit variance, and the addition of red noise with ρ = 0.9 (scaled to have a variance of 0.25). (Figure 4a ) ETP model series. (Figure 4b ) ETP model filtered with a broad precession filter (black), its instantaneous amplitude (red), and the final amplitude envelope following application of a low-pass filter (blue). (Figure 4c ) Comparison of the final ETP model amplitude envelope (blue) and the amplitude envelope for esinω (black; processed using the same filtering algorithm). (Figure 4d ) Kernel density estimate of Spearman's rank correlation coefficients for the phase-randomized surrogate simulations, and the observed correlation coefficient for the ETP model (blue line). Monte Carlo simulation yields a P value of <0.01 for the ETP Spearman's rank correlation coefficient and a P value of 0.871 for the e*sinω Spearman's rank correlation coefficient. (Figures 4e-4h ) Follow the same format but for axial precession. In order to apply this approach, time series require a high enough resolution to allow for the identification and filtering of hypothesized precession signals and a length sufficient to characterize the eccentricity-scale modulation. When investigating short (e.g., "only" 500 kyr long) time series, the odds are higher to find a surrogate resembling eccentricity than for longer records; thus, the statistical power of the method is lower, and false negatives are more likely. Under such circumstances, extension of the record may help to resolve this issue, if a strong precession signal is indeed preserved.
To facilitate the use of this method, a function ("testPrecession") that conducts the full analysis has been developed for "astrochron: An R Package for Astrochronology" [Meyers, 2014] .
Minimal Tuning (Using One Tie Point per~100 kyr Cycle) Does not Introduce Frequency Modulations
An additional approach to evaluate the robustness of the astronomical tuning is to apply a minimum number of calibration points ("minimal tuning"). Ideally, the data set should be tuned to 405 kyr eccentricity only, as this will not transpose individual precession frequencies onto a tuned data set but only the average precession frequency. However, since sedimentation rates may change considerably over such time spans, and the precise (precession cycle-scale) location of minima and maxima of the~405 kyr eccentricity are sometimes challenging to identify in real data sets, here we focus on the~100 kyr eccentricity cycle. To test whether a frequency modulation can be introduced by tuning a simple (nonmodulated) cyclic signal to every~100 kyr eccentricity maximum, we (1) generate a sine function with a 20 kyr period spanning 4 Ma, (2) identify the theoretical eccentricity maximum that is closest to the maximum of each 20 kyr cycle, (3) use these as tie points for tuning to eccentricity maxima, and (4) plot the new "tuned" frequency versus eccentricity ( Figure S1 in the supporting information). The analysis indicates that such an approach does not introduce systematic frequency modulations (see Figure S1 in the supporting information). Thus, the amplitude envelope of data tuned to~100 kyr eccentricity cycles (or to about every 5th precession cycle only) can be evaluated without the problem of introducing precession frequency modulation during the tuning process, even when a narrow band-pass filter is applied. We use a "100 kyr minimal tuning" approach to supplement the method outlined in section 3.1. This approach also leverages off the fact that, in many cases, sedimentary precession cycles can be better recognized during eccentricity maxima than during eccentricity minima.
Testing Astronomically Tuned Time Scales
As test cases for the new testing approach, we investigate two astronomically tuned records to determine if eccentricity amplitude modulation is truly present or if it may derive from frequency modulation introduced by the tuning and the data processing procedure. These time scales comprise (1) the Mediterranean Pliocene (Ocean Drilling Program (ODP) Site 967) between 2.3 and 3.2 Ma [Lourens et al., 2001a [Lourens et al., , 2001b and (2) the Miocene of Ceara Rise (Ocean Drilling Program (ODP) Site 926) between 8 and 10 Ma [Zeeden et al., 2013a [Zeeden et al., , 2013b .
Astrochronology of the Eastern Mediterranean Pliocene
ODP Site 967 [Emeis et al., 1996; Robertson et al., 1998 ] contains a unique data set that has been interpreted to represent astronomically driven northern African humidity changes [Lourens et al., 2001a] . Humidity changes are inferred from variations in the ratio of titanium (Ti) versus aluminum (Al) of its bulk sediment composition ( Figure 5) , with high Ti concentrations corresponding to increased dust input from the Sahara region and high Al concentrations due to enhanced runoff from the Nile River [Wehausen and Brumsack, 2000] . In 2001 (a), Lourens et al. used this high-quality record with a temporal resolution of~2 kyr to constrain the tidal dissipation and/or dynamical ellipticity values of the Earth that were incorporated in the La90 astronomical solution [Laskar, 1990; Laskar et al., 1993] . For this purpose, they tuned each minimum and maximum in the Ti/Al record to their inferred p-0.5 t minimum and maximum [Lourens et al., 2001a] , based on an initial biostratigraphic age model. P-0.5 t denotes a mix of precession and tilt (obliquity), where the tilt component has half the precession amplitude; the pattern of p-0.5 t mimics that of the 65°N summer insolation curve [Lourens et al., 1996a] . The originally published Ti/Al data have been subsequently extended [Lourens et al., 2001b] and tuned in the same manner to~3.2 Ma, and we have updated the time scale to the newer La2004 solution , even though age differences between the La90 and La2004 are small for this interval of time. Tuning tie points are available in the supporting information.
Following the well-established late Pleistocene phase relations between Mediterranean climate changes (i.e., sapropel formation) and astronomical forcing [Hilgen, 1991; Lourens et al., 1996b] , the tuned Ti/Al record suggests two large-scale clusters of 10-15 prominent precession cycles, marking the imprint of the 405 kyr eccentricity period (Figure 5a ). In addition, three smaller groups of 3-4 prominent precession cycles are suggested in the lowest large-scale cluster and one in the topmost part of the record, which correspond to the expected 95-125 kyr eccentricity modulation. The interference between precession and obliquity forcing is also apparent by the alternation of high and low Ti/Al maxima and minima, especially in the upper/younger large-scale cluster [Lourens et al., 2001a] . Hence, the distinct visibility of the eccentricitymodulated precession amplitudes in the raw data record-prior to filtering -is good qualitative evidence for their veracity.
To provide a quantitative evaluation of the Site 967 Ti/Al modulations, including a statistical evaluation of the null hypothesis, we apply the new algorithm ( Figure 5 ). The visual match between the theoretical eccentricity tuning curve and filtered instantaneous amplitude (Figure 5c ) is striking, and the records achieve a Spearman's rank correlation coefficient of 0.93 (Figure 5d ). Monte Carlo simulation using 1000 phase randomized surrogates yields a P value of <0.01 (Figure 5d) , none of the random simulations achieve |r sim | values as large as that observed in the Site 967 Ti/Al data. This provides strong quantitative evidence for the presence of precession and eccentricity signals and supports the astrochronologic model of Lourens et al. [2001a] .
To supplement this analysis, we also used a minimal tuning approach, where the Ti/Al record was tuned to every 10th tie point only. For all 10 resulting tuning options (5 for p-0.5 t minima and maxima each), the complete analysis above was performed. The results are almost identical to the original fully tuned Ti/Al time series (see Figure 5 ). [Shackleton and Crowhurst, 1997] forms the backbone of the (equatorial Atlantic) Miocene biostratigraphy [Backman and Raffi, 1997; Turco et al., 2002] . The tuning was later updated to the La2004 solution [Lourens et al., 2004; Raffi et al., 2006] and recently revised for the interval between 5 and 14.4 Ma [Zeeden et al., 2013a] . Zeeden et al.
Testing the Miocene Ceara Rise Record
[2013a] tuned (almost) every p-0.5 t maximum to gray scale minima and maxima of the magnetic susceptibility. Here we focus on the interval between 8 and 10 Ma in the tuned gray scale record (Figure 6a) , which suggests the expression of an eccentricity-related bundling of~5 (i.e., 95-125 kyr eccentricity) and 20 (i.e., 405 kyr eccentricity) precession-controlled lithological cycles; these patterns are also observed in core photographs and physical property records [Shackleton and Crowhurst, 1997; Zeeden et al., 2013a] .
The eccentricity-related bundling of cycles is more apparent in some intervals than in others (Figure 6a and Figure 3 of Zeeden et al. [2013a] ). The hypothesized precession cycles are prominently developed betweeñ 9.4 and 9.65 Ma, but they lack a clear bundling. This aberrant pattern is interpreted as reflecting an~405 kyr eccentricity maximum within a long-term 2.4 Myr eccentricity minimum, comparable to the pattern shown for the Mediterranean Ti/Al record around 2.6 Ma (Figure 5a ). This long-term eccentricity minimum also appears in the astronomical solution and could therefore be used as a first-order calibration step in the tuning procedure. Since the lithological cycles suggest an eccentricity-related amplitude modulation, it is likely that the tuned physical property data also primarily reflect true amplitude variations, as suggested by Shackleton and Crowhurst [1997] .
Application of the new testing algorithm to the high-resolution gray scale data [Zeeden et al., 2013b] indicates an overall good visual match between the low-pass filtered instantaneous amplitude and theoretical eccentricity tuning curve (Figure 6c) . A notable exception is the interval from 9300 to 9600 kyr, when thẽ 100 kyr component of eccentricity is weak. The Spearman's rank correlation coefficient is 0.78, reduced compared to the estimate from the Site 967 Ti/Al data, largely due to this short interval of misfit. Monte Carlo simulation using 1000 phase randomized surrogates yields a P value of <0.01 (Figure 6d ), and none of the random simulations achieve |r sim | values as large as that observed in the Site 926 gray scale data. This provides strong quantitative evidence for the presence of precession and eccentricity signals and supports the astrochronologic model of Zeeden et al. [2013a] . In a second step, we apply the minimal tuning approach by reducing the number of tie points to one fifth of the original number (i.e., to about every 5th p-0.5 t cycle). Application of the testing algorithm indicates reproduction of the eccentricity pattern very well, except again, for the interval between 9300 and 9600 ka (Figure 6c ). The Spearman's rank correlation coefficient for this minimally tuned record is 0.73, with a P value of <0.01. Hence, precession-filtered amplitude variations show a consistent, i.e., an in-phase relationship with the 405 kyr component of eccentricity, thereby supporting the tuning on at least the eccentricity scale.
Overall, we find that the correlation between data amplitudes and eccentricity is related to the standard deviation of eccentricity; the data amplitudes show a good fit with eccentricity especially where the 100 kyr cyclicity is pronounced, while the fit is generally less good in intervals where the 100 kyr cyclicity is weak as in the case of long-term eccentricity minima ( Figure S2 in the supporting information) . During such minima, amplitude variations in data are often small and detected amplitudes are more easily affected by noise/distortion. Further, nonlinear responses of sedimentary systems to insolation forcing may lead to a different sedimentary (cyclic) response during eccentricity minima and maxima, which may complicate results. Such nonlinear responses can be observed in numerous records, and sedimentation models reproduce such features Ripepe and Fischer, 1991] . As a consequence, intervals of high eccentricity should preferentially be interpreted.
Discussion
For the evaluation of geological data, relatively narrow precession filters are often applied to avoid the effects of noise and contributions from the~29 kyr obliquity component; also, interference between precession (and obliquity) components may lead to a weak~29 kyr component [von Dobeneck and Schmieder, 1999] . It has been previously demonstrated that tuning and filtering with such narrow filters can imprint artificial similarity between the amplitude modulation of the data and eccentricity, an attribute that is often used to test the veracity of astrochronologies [e.g., Shackleton et al., 1995; Huybers and Aharonson, 2010] . In this study, a series of filters (including a relatively wide precession filter) are used to circumvent the problem of introducing artificial amplitude modulations during tuning and data processing. We demonstrate the method with models and through the evaluation of two tuned data series. The example shown in Figure 4 , using a normalized eccentricity-tilt-precession model, indicates that the wide filter (including the~29 kyr obliquity component) performs well even when a strong obliquity signal is present.
It is critical to note that in our assessment of data sets from the Pliocene and Miocene, the specific tuning options investigated may not be the only ones that would result in a statistically significant relationship. However, a good fit of the data amplitude envelope and eccentricity (or long-term obliquity) probably does not allow for a shift in tuning by several cycles. Misfit between data and tuning target may be the result of stratigraphical issues, changing sedimentation rates, noisy data, and/or a nonconstant response to orbital forcing over time. In most cases, detailed data analysis can likely give insight into reasons for the misfit. The cross correlations quantified here reflect how much variation is shared between the data series amplitude envelope and the tuning target; even when this correlation is low, cycle counting (if done carefully) can potentially have a higher resolution than might be expected based on the correlation coefficient.
In cases of highly variable sedimentation rates, where a comprehensive precession-scale tuning is needed, the full testing algorithm (with a series of filters) is generally required. For records with relatively uniform sedimentation rates, a simpler 100 kyr minimal tuning may perform reliably, even when a narrow band-pass filter is utilized. However, records showing a systematic relation between long-term astronomical forcing and sedimentation rates (e.g., eccentricity; see van der Laan et al. [2005] for an example) may be less problematic for the 100 kyr minimal tuning approach, depending on the magnitude of sedimentation rate changes. In such cases, the orbital forcing (precession amplitude/eccentricity) is, however, evaluated against a stretched/compressed sedimentary signal complicating the interpretation.
In principle, the methods discussed above for precession can be applied to evaluate obliquity as well. However, a minimal tuning approach for obliquity may be difficult in practice, because tuning to the long-term obliquity amplitude variation (~1.2 Ma) is not very helpful in records with variable sedimentation rates. Tuning to one cycle per~180 kyr obliquity amplitude variation cycle may be possible in cases where this modulation appears to be visible in data. Another approach is to only use tie points every~5th proposed obliquity cycle.
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The astronomical solutions can be reliably calculated to~50 Ma [Laskar et al., , 2011 Westerhold et al., 2012] ; thus, the testing methods described here can be applied to test astrochronologies for most of the Cenozoic. However, Shackleton et al. [1995] note that amplitude demodulation is not always applicable to evaluate paleoclimate time series but requires data showing a strong/dominant signal in the frequency to be analyzed. When both strong precession and obliquity are present in a paleoclimate record, demodulation results from both terms provide the opportunity for cross validation. This approach is also complimentary because precession amplitudes may be especially weak during eccentricity minima, while obliquity signals are often obvious at this time [e.g., Hilgen et al., 1995 Hilgen et al., , 2003 Zeeden et al., 2013a] .
Finally, evaluation of the sedimentation rates resulting from the tuning procedure provides an additional means to qualitatively evaluate the plausibility of an astrochronology. Relatively constant, or slowly varying, sedimentation rates can be interpreted as the result of a reasonable tuning-but the specific tuning applied may not be the only viable option. Alternatively, large jumps in sedimentation rates may either be the result of true sedimentation rate variability or may result from tuning "cycles" that are actually not equally spaced in time (e.g., tuning noise to an astronomical target). Additionally, geological records may not be continuous representations of past climates, stratigraphic gaps may be present, and drilling may not allow for complete recovery of records. It has also been shown that splicing of multiple cores sometimes leads to stratigraphic complications requiring correction [e.g., Evans et al., 2004; Westerhold and Röhl, 2006, 2009] . It is particularly useful to apply time-frequency methods to the untuned depth data to evaluate these types of issues [Meyers et al., 2001; Malinverno et al., 2010; Meyers et al., 2012b] .
In summary, the astrochronologic testing approach that is introduced in this study permits a robust evaluation of the correlation between tuned data amplitude envelopes and those of an astronomical tuning target. This method is independent from-and complementary to-power spectrum-based approaches. Thus, it is not subject to the potential shortcomings and biases previously identified in evaluation of power spectra [Vaughan et al., 2011; Vaughan et al., 2014; Meyers, 2012] while also overcoming identified shortcomings in amplitude modulation assessment [Neeman, 1993; Huybers and Wunsch, 2004; Huybers and Aharonson, 2010] .
Conclusions
This study develops methodologies to circumvent the introduction of amplitude modulations by astronomical tuning and data processing, allowing the use of these amplitude variations to support or invalidate astronomically tuned records. We introduce a new quantitative statistical technique that employs the Hilbert transform and a series of filters to reliably extract true eccentricity amplitude modulations from precession signals in paleoclimate data. The method also includes Monte Carlo simulation to evaluate the null hypothesis of no correlation between observed data amplitude modulation and the theoretical eccentricity modulation. This new approach is supplemented by the demonstration that a minimal tuning approach (e.g., tuning to every~5th precession cycle only) does not artificially introduce eccentricity-like amplitude modulation. A quantitative comparison of precession amplitude variability, as derived from filtering precession-dominated geological data, and the theoretical eccentricity signal, can thus be used to support a tuning, as demonstrated through our analysis of synthetic models and two astronomically tuned data sets.
